Although there is now some agreement with the view that the supply of photochemical energy may influence photosynthetic rate (P) at high CO2 pressures, it is less clear whether this limitation extends to P at low CO2. This was investigated by measuring P per area as a function of the intercellular CO2 concentration (C,) at different levels of photochemical energy supply. Changes in the latter were obtained experimentally by varying the level of irradiance to normal (Fe-sufficient) leaves of Beta vulgaris L. cv F58-554H1, and by varying photosynthetic electron transport capacity using leaves from Fe-deficient and Fe-sufficient plants. P (20) observed that P' was linearly related to the ambient CO2 concentration from r to CO2 saturation and concluded that P was limited by the concentrations of CO2 and 02, and by the kinetic parameters of RuBPCase. Other researchers have studied the relationship between P and intercellular CO2 concentration (C1) (9, 10, 12, 17, 18, 30) . Farquhar et al. (13) (27) .
Several researchers have used the relationship between CO2 assimilation and CO2 concentration to elucidate the factors controlling photosynthetic rate. Laing et al. (20) observed that P' was linearly related to the ambient CO2 concentration from r to CO2 saturation and concluded that P was limited by the concentrations of CO2 and 02, and by the kinetic parameters of RuBPCase. Other researchers have studied the relationship between P and intercellular CO2 concentration (C1) (9, 10, 12, 17, 18, 30) . Farquhar et al. (13) obtained P/Ci curves under specific environmental conditions and interpreted these data in terms of the characteristics of biochemical systems. They concluded that there are two domains of photosynthetic limitation: the first relates to the initial slope ofthe P/Ci curve where P is dominated by the kinetic parameters of RuBPCase and the concentrations of CO2 and 02; the second relates to the plateau region ofthe PI Ci curve where P increases relatively less with increase in C1 and represents a condition which is proposed to be controlled by the supply of photochemical energy (e.g. ATP, NADPH).
An alternative view to the two-domain theory, one domain ' Abbreviations: P, rate of photosynthetic CO2 uptake; Ci, intercellular CO2 concentration; r, CO2 compensation point; RuBP, ribulose 1,5- bisphosphate; RuBPCase, ribulose 1,5-bisphosphate carboxylase; P,,,,,m, maximal rate of photosynthesis.
operating at low CO2 and the other at high C02, is that photochemical energy supply may colimit P over the entire range of Ci values. The most recent report in this series (28) indicated that photochemical energy supply may colimit photosynthesis at ambient CO2 concentrations of 300 Ml 1-' or more; however, it was not clear whether this colimitation extended to very low CO2 concentrations as well (28) . In the present work, we explored this question further by (a) measuring P/Ci curves for leaves exposed to different levels of irradiance, and (b) determining P/Ci curves for leaves with different photosynthetic electron transport capacities using Fe-sufficient and Fe-deficient plants. Since we found that decreasing the supply of photochemical energy by either procedure led to a reduction in the initial slope ofthe P/Ct curve, we also explored the possibility that the effect of photochemical energy supply may be mediated via the level of activation of RuBPCase as suggested by Perchorowicz et al. (23) .
MATERIALS AND METHODS Plant Culture. Sugar beet plants (Beta vulgaris L. cv F58-554H1) were grown hydroponically in growth chambers and Fe deficiency was induced by transferring plants to culture solution without Fe as described previously (27) .
Leaf Gas Exchange. P/area, leaf conductance, and Ci of individual attached leaves were determined over a range of ambient CO2 concentrations using open flow gas exchange as described previously (see 28) . The measurements were made by exposing the leaf initially to an ambient CO2 concentration of about 1000 Al 1-' for 1.5 h at 21% 02, then for 30 min at 1% 02; subsequently, the ambient CO2 concentration was lowered to successive levels with 30-min periods at 21% and 1% 02 at each ambient C02 level. Leaftemperature was maintained at 30 ± 0.5C. Irradiance was held either at a constant level (Fig. 2) or increased gradually to achieve light saturation at each CO2 level (Fig. 4) The isolated thylakoids were tested for whole chain electron transport activity as described previously (21) . 02 evolution was measured polarographically with a Rank 02 electrode at 25°C with 1000 ME PAR m 2 s-' in the presence of 2.5 mM NH4C1, 10 20 Ml of extract to the assay solution that contained the appropriate amount of RuBP, and "4'CO2 fixation was allowed to occur for 1 min.
A liquid scintillation counter was used to determine "4C fixation in all of these experiments. Chl was determined using leaf plugs as described previously (1) .
RESULTS
The characteristic changes in photosynthetic rate, P/area, with intercellular CO2 concentration, C,, are shown for a leaf at two 02 concentrations in Figure 1 . The shape of the P/Ct curve at 21% 02 (Fig. l A) is the same as has been found by other researchers (9, 17, 30) . The by decreasing irradiance, the initial slope and P,,. values of the P/C, curve decreased both at 21%02 and 1% 02 (Fig. 2) . Most of the decrease in initial slope and in P,,,, occurred from 1000 tolI00MAEPAR m-2 s-'.
An alternative procedure for altering the rate of supply of photochemical energy is to selectively reduce photosynthetic electron transport capacity by depriving plants of Fe (27) . As indicated by the data shown in Figure 3, One possible mechanism whereby the electron transport system could alter the initial slope is by varying the level of activation ofRuBPCase. This was investigated by determining the ratio of initial extractable activity to total inducible activity of RuBPCase from attached leaves irradiated at different light intensities (Fig. 5) . At 100 gE m-2 s-', RuBPCase appeared to be only 25% activated; with increase in irradiance to 1500 ,tE m 2 sg', the ratio of initial to total activity increased to 90%. These data suggested that variation in photochemical energy supply may be mediated, at least in part, through the level of activation of RuBPCase. (13) assume that the concentration of RuBP exceeds the concentration of active sites, and, that RuBPCase is fully activated. Thus, in equation 2, R/(R + K,) and CM/(CM + Kcm) each become equal to unity so that A becomes dependent on the remaining terms. One important consequence of these assumptions is that the initial slope of the P/Cj curve would therefore be independent of the supply of photochemical energy. This was in fact found experimentally by Collatz (9) In the present work, we obtained the opposite result, i.e. the initial slope ofthe P/Ci curve did change in response to variation in the supply of photochemical energy, whether it was varied by changing light intensity or photosynthetic electron transport capacity. This suggests a different view of photosynthetic limitation, i.e. that photosynthetic rate may be colimited by photochemical energy supply and CO2 concentration simultaneously, even at very low and limiting Ci values.
DISCUSSION
Other researchers have reported differences in initial slope with photochemical energy supply as varied by changes in irradiance. Samish and Koller (25) concluded that the rate of photosynthesis at low Ci values should be affected by the light intensity. Hew et al. ( 15) reported that the rate of apparent photosynthesis at low CO2 was increased ifthe light intensity were increased. Augustine et al. (2) found that carboxylation efficiency (measured at low Cj) increased with increasing light intensity. Bradford et al. (6) observed differences in initial slope with changes in light intensity, though they only measured the P/Ci curves at high and low light.
How (5, 22) . Both of these factors may be influenced by the activity ofthe electron transport system since the latter appears to control the movement of H+ and Mg2' between the thylakoids and the stroma. A product of the photochemical reactions may also regulate RuBPCase activity through direct enzyme activation. NADPH has been reported to potentiate RuBPCase activation (8) . In addition, Calvin cycle intermediates may bind to and alter the activity of RuBPCase (3, 7, 8, 14 
